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Supplementary Note 1. Preparation of Heavy Particle
Heavy particles (Hp) were derived from a commercial clay blend supplied by Austral Bricks Pty. Ltd., Queensland, Australia, originally used for brick manufacturing. Clay minerals were separated from the blend using a sedimentation technique referring Lopes, Morais 1. Specifically, 500 g of the clay blend and 2 g of sodium hexametaphosphate were weighed and dispersed in a 4 L glass beaker filled with deionized water. Sodium hexametaphosphate works as a surfactant agent to assist clay mineral dispersion.2 The obtained mixture was stirred and subjected to ultrasonic treatment for 30 minutes, and then left undisturbed in the beaker for 1 hours. Due to their fine particle size (typically < 2 µm) and negative surface charge, clay minerals remain suspended in water, as they tend to repel each other and stay evenly dispersed. In contrast, particles in the mix - such as quartz, hematite, mullite, and feldspar - exhibit larger particle sizes and higher settling velocities, causing them to settle at the bottom of the beaker. After sedimentation for 1 h, the supernatant containing suspended clay minerals was carefully decanted, leaving behind a slurry enriched in heavy particles. An additional 4 L of deionized water and 2 g of sodium hexametaphosphate powder were then added, and above process was repeated approximately 10 times until most of the clay minerals were removed. The final collected particles were vacuum dried at 105°C for 12 hours and referred to as Hp.

Supplementary Note 2. Purification of Kaolinite and Illite
Kaolinite (Kln) and illite (Ilt) were purified using a sedimentation method similar to that employed for the preparation of heavy particles. However, unlike the heavy particle preparation - where the settled fraction was retained - the upper suspension enriched in clay minerals was collected, while the denser particles that settled at the bottom were discarded. The collected clay-rich suspension was transferred into 250 mL polyethylene bottles and centrifuged at 6000 rpm for 10 minutes to remove excess water. The resulting clay slurry at the bottom of the bottles was carefully collected and dried in a vacuum oven at 105°C for 12 hours. The dried material was then ground using a ring mill for 30 seconds to obtain the desired powdered samples, referred to as Kln and Ilt.


Supplementary Note 3. Quartz Evolution among Different Bricks
Junior, Hotza 3 emphasized that quartz particles affect the mechanical properties of porcelain through both microstructural damage and reinforcement as skeleton. Unlike mullite and amorphous phase, quartz content remains relatively stable across varying Kln/(Kln+Ilt) ratios (Figure 3g). The slight decrease in quartz content at 900°C as the Kln/(Kln+Ilt) ratio increases is due to the higher concentration of quartz impurity in Ilt than that in Kln (Figure S3). Quartz reacts with clay mineral-anhydrite or transforms into cristobalite at higher temperatures,4 so its content decreases in the final bricks. The K+ present in Ilt acts as catalysts to accelerate the transformation of quartz (Figure 3g).5 Additionally, a lower initial Hp content reduces quartz in the resulting bricks (Figure 3h and 3i).


Supplementary Note 4. Effect of Total Clay Mineral Content on Water Absorption
The effect of total clay mineral content on water absorption (WA) depends on the relative proportions of Kln and Ilt. When Kln is the primary clay mineral, WA increases as the total clay mineral content rises across 900-1350°C (Figure 4a-4d). This trend is attributed to the high initial porosity in the green body introduced by fine Kln particles. Due to limited vitrification capacity of Kln, these pores are not effectively reduced during firing, leading to higher WA. However, when Ilt is the dominant clay mineral, WA increases with total clay mineral content at 900°C but decreases at 1050°C and 1200°C. At 1350℃, Ilt undergoes intense vitrification, resulting in very low WA (~2.0%), indicating near-complete densification. Besides, in mixtures where Kln and Ilt present in equal proportions (50: 50), WA increases with total clay mineral content at 900°C and 1050°C, but decreases at 1200°C and 1350°C. This can be explained by the extensive vitrification of Ilt above 1200°C, which compensates for the increased initial porosity introduced by the additional clay minerals.



Supplementary Note 5. Sample Preparation for Quantitative XRD
Approximately 1.80 grams of crushed bricks and 0.20 grams of corundum (used as an internal standard) were accurately weighed, mixed, and micronized for 6 minutes in absolute ethanol using a McCrone mill equipped with zirconia beads. The treated material was air-dried at 40°C overnight and subsequently utilized for back-pressing into XRD sample holders to minimize the preferred orientation.


Supplementary Note 6. Sample Preparation for Clay Fraction Identification
A fraction of the crushed powder was mixed with water and concentrated ammonia in 25 mL glass beaker. The obtained mixture was hand shaken for 30 seconds, followed by sonication for 5 minutes and settling for another 5 minutes. This process aimed to isolate the fine fraction (clay minerals), typically less than 5 µm when suspended. The separated fine fraction was transferred using a pipette to a low-diffraction Si plate, where it was allowed to settle and dry overnight. These dried samples were labeled as “air” in this study. This method concentrates the clay mineral-dominant fraction, aiding in the identification of present clay minerals, particularly expandable ones. Note that the ratios of clay minerals and other phases in this extract may differ from those in the bulk sample; thus, the results from fine fraction are only qualitative. Furthermore, the air-dried slides were treated in an ethylene glycol atmosphere at 60°C for 12 hours and re-examined for XRD immediately. These treated samples were labeled as “glycol” in the study. Finally, the glycol treated samples were heated at 550°C for 1 hour for another batch of XRD test which labelled as “550°C” as can be seen in Figure S2.


Supplementary Note 7. Sample Preparation for Scanning Electron Microscopy Imaging
Fired brick pieces with dimensions of Φ20 × 5 mm (in diameter and height) were cut from initial specimens. After placing in a 30 mm diameter plastic mold, samples were embedded with beam stable epoxy and cured overnight under vacuum. Extensive milling and polishing procedures were applied to receive plane-parallelism of sample surfaces. The polish approach was as follows: Step 1 - Grind the sample face flat with a 220 grit diamond disc for 1 minute; Step 2 - Change the diamond disc to a 1200 grit and grind for 2 minutes; Step 3 - Change the disc to a 9 micron polishing pad and polish for 6 minutes; Step 4 - Change the disc to a 3 micron polishing pad and polish for 5 minutes; Step 5 - Change the disc to a 1 micron polishing pad and polish for 2 minutes. Between each step, water and ethanol were also used to clean samples thoroughly.




Figure S1. X-ray diffraction (XRD) patterns of Hp, Kln, and Ilt samples. Legends: Qz (quartz), Hem (hematite), Ant (anatase), Crn (corundum, internal standard), Gth (goethite), Pl (plagioclase), Chl (chlorite), Ilt (illite), and Kln (kaolinite).
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Figure S2. XRD of clay slides from fine fractions of Kln (a), Ilt (b), and Hp (c). Legends: Ilt (illite), Kln (kaolinite), Ilt-sme (mixed-layer illite-smectite), and Chl (chlorite).




Figure S3. Quantitative phase analysis results of Kln (a), Ilt (b), and Hp (c). Legend: Qz (quartz), Hem (hematite), Ant (anatase), Mul (mullite), Gth (goethite), Pl (plagioclase), Chl (chlorite), Ilt (illite), Kln (kaolinite), Sme (smectite), and Amor (amorphous phase).
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Figure S4. Scanning electron microscopy images to show morphology of Kln (a), Ilt (b), and Hp (c).
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Figure S5. Laser particle size distributions of Kln (a), Ilt (b), and Hp (c).













 



Table S1. Elemental compositions of raw materials (wt.%).
	[bookmark: _Hlk104581022]
	SiO2
	Al2O3
	Fe2O3
	TiO2
	K2O
	CaO
	Na2O
	MgO
	Mn2O3
	P2O5
	LOIa)

	Kln
	45.01
	37.27
	0.97
	0.76
	0.18
	0.14
	0.08
	0.25
	0.04
	0.08
	14.81

	Ilt
	48.88
	32.95
	0.43
	0.52
	9.58
	0
	0.10
	1.11
	0.04
	0.17
	5.78

	Hp
	75.38
	10.03
	6.78
	0.60
	1.34
	0.31
	0.33
	0.51
	0.12
	0.07
	3.79


a) LOI- Loss on ignition
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Figure S6. Thermal dilatometry (TD) and the first derivative (dL/dt) curves (DTD) of 20/50, 35/50, and 50/50 clay mixes; Inset table shows the length change values in different temperature ranges. Increasing clay mineral content from 20% to 50% reduces expansion during 537-620℃ caused by quartz inversion and enhances shrinkage above 900℃ (the inset table). This increased shrinkage can promote densification of brick bodies, resulting in lower porosity after firing.
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Figure S7. Scanning electron microscopy images to show morphological evolutions of Ilt fired at 900°C (a) 1050°C (b) 1200°C (c), and 1350°C (d), as well as Kln fired at 900°C (a) 1050°C (b) 1200°C (c), and 1350°C (d).
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Figure S8. Backscattered electron (BSE) images from scanning electron microscopy of 35/100 (a), 35/50 (b), and 35/0 (c) formulations, fired at 1350°C.
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Figure S9. Energy-dispersive X-ray spectroscopy elemental mapping of 35/50 formulation fired at 900°C (a), 1050°C (b), 1200°C (c), and 1350°C (d). Legend: Kln (kaolinite), Ilt (illite), Hem (hematite), Qz (quartz), Ant (anatase), and Cal (calcite). Unmelted Ilt and Kln are observed at 900°C and 1050°C. At 1200°C, Ilt is nearly fully melted due to the abundant fluxing element component in its structure, as indicated by the blurred particle boundaries in the matrix, whereas Kln remains largely unmelt. By 1350°C, a homogeneous matrix is formed, suggesting a higher degree of sintering. This is supported by the uniform distribution of Si, Al, and K elements in matrix in (d).
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Figure S10. BSE image from scanning electron microscopy to show the contact relationship of Kln and Ilt at 900°C (a) and corresponding energy-dispersive X-ray spectroscopy elemental mapping (b).



Figure S11. BSE image from scanning electron microscopy to show the partial melt of Kln at 1200°C (a) and corresponding energy-dispersive X-ray spectroscopy (b).



Figure S12. BSE image from scanning electron microscopy to show the formed mullite (Mul) needle at 1350°C (a) and corresponding energy-dispersive X-ray spectroscopy (b).



Figure S13. Photo of 72 dried brick buttons.



Figure S14. BSE image from scanning electron microscopy to show the growth of hematite crystal from 900°C (a) to 1200°C (b) and 1350°C (c).
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Figure S15. Rietveld refinement results of XRD patterns for the 20/0 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S16. Rietveld refinement results of XRD patterns for the 20/50 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S17. Rietveld refinement results of XRD patterns for the 20/100 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S18. Rietveld refinement results of XRD patterns for the 35/0 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S19. Rietveld refinement results of XRD patterns for the 35/50 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S20. Rietveld refinement results of XRD patterns for the 35/100 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S21. Rietveld refinement results of XRD patterns for the 50/0 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S22. Rietveld refinement results of XRD patterns for the 50/50 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S23. Rietveld refinement results of XRD patterns for the 50/100 formulation fired at 900°C, 1050°C, 1200°C, and 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.
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Figure S24. Rietveld refinement results of XRD patterns for the 20/33, 35/33, and 50/33 formulations fired at 1350°C. The red line is the Rietveld refinement model; the blue line is the collected data, and the grey line is the difference. Tick marks correspond to different phases used in the refinement and expected peak positions for those phases. Approximately 10 wt.% corundum was added as an internal standard to enable quantitative determination of the amorphous content in the fired bricks.



Figure S25. Schematic illustration of the preparation of brick buttons.
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